The surface structure of Ni 2 P ) 0 1 10 ( , a model for highly active hydrodesulfurization catalysts, was studied using scanning tunneling microscopy (STM) and low energy electron diffraction (LEED) in order to understand the reconstruction of the surface layers. Annealing at 573 K revealed a (1x1) LEED pattern which changed to a c 
, a model for highly active hydrodesulfurization catalysts, was studied using scanning tunneling microscopy (STM) and low energy electron diffraction (LEED) in order to understand the reconstruction of the surface layers. Annealing at 573 K revealed a (1x1) LEED pattern which changed to a c surface is discussed.
*Manuscript Click here to view linked References

Introduction
Nickel phosphide (Ni 2 P) belongs to the class of metal-rich transition metal-main group element compounds (TM compounds), and has recently drawn much attention because of its high activity for hydrodesulfurization reactions [1, 2] . Several surface science studies of Ni 2 P single crystals have been conducted in order to elucidate the surface structure of Ni 2 P and shed light on its high activity [3] [4] [5] [6] [7] [8] [9] .
Much work has focused on the Ni 2 P(0001) surface which has two termination planes denoted as Ni 3 P and Ni 3 P 2 , which are sequentially stacked in the crystal structure. The Ni 2 P(0001) surface also shows several reconstructed structures such as ( 3 3 )R 30 , (2/3×2/3) , and (2×2) [5, 6] in addition to the primitive (1×1) structures. Since the reconstructed structures are energetically stable surfaces, it is important to determine the conditions at which they form to better understand the structure of real Ni 2 P catalysts.
Surface reconstructions have often been found for metal, semiconductor and ionic crystals. The origins for reconstruction have been related to various physical properties of the crystals such as charge balance and dangling bonds or effects due to relativistic effects. The surfaces of late transition metal such as Ir, Pt and Au undergo reconstruction so as to give closed-packed structures as explained by Fiorentini et al [10] who claimed that relativistic effects induce the reconstruction of the 5d transition elements. For ionic compounds such as oxides and halides, surface charge balance or the reduction of dipole moments play an important role [11] . On a tetrahedral semiconductor surface, Duke suggested principles for the surface reconstructions [12] [13] [14] .
TM phosphides usually have metallic conductivity and physical properties consistent with polar covalent bonds, and their bonding has been described as possessing metallic, ionic and covalent contributions. It is therefore quite interesting to consider what factors govern surface reconstruction of TM compounds. An impediment is that the surface structures of TM compounds have not been well studied, so that data are scarce and there are no general rules governing the reconstruction of TM compounds. Our previous studies have reported atomic level images of two types of ( 3 3 )R 30 reconstructed Ni 2 P(0001) [6] . As mentioned earlier, the Ni 2 P(0001) surface has two possible primitive surface terminations, i.e., Ni 3 P and Ni 3 P 2 that reflect their stoichiometry, but neither of which have the bulk Ni:P=2:1 ratio. (However, their sum, Ni 6 P 3 , does, as the terminations alternate Ni 2 P(0001) surface terminations are not the only stable structures, and reconstruction patterns are observed as noted before, which may be due to surface charge imbalances or the presence of surface dipoles, which have been evoked as important in the surface reconstruction of oxides [11, 12] . In this study the structure of the Ni 2 P ) 0 1 10 ( surface, which has a stoichiometric composition of Ni:P=2:1, was studied by low energy electron diffraction (LEED) and scanning tunneling microscopy ( STM). Unexpectedly, it was found that the surface underwent reconstruction to a c )allowed the assessment of several possible model structures, leading to a possible principle for the reconstruction of Ni 2 P surfaces.
Experimental
All experiments were performed in an Omicron ultra-high vacuum (UHV) system with a base pressure below 2 x 10 -8 Pa. The system is equipped with an Omicron room temperature STM system, an Ar + sputtering gun (Omicron ISE5), a quadrupole mass spectrometer, four-grid reverse view LEED optics, and a gas handling system. The Ni 2 P crystal was grown using a floating zone method under an
Ar atmosphere with a growth speed of 1 cm/h. The Ni 2 P 0 1 10 single crystal surface was cut and mechanically polished to a mirror finish. The sample was mounted on a sample holder and was fixed by spot welding to Tantalum ribbons which were used as electrodes for resistive heating. The sample was transferred to the UHV chamber and was cleaned by sputtering with 0.5 keV Ar + ions (current = 8 A, time = 5 min, Ar pressure = 2.5 x 10 -3 Pa) and annealing in the UHV system at various temperatures. The STM images were measured at room temperature in a constant current mode. A W tip was used which was prepared by electrochemically etching in a 2N NaOH solution.
The STM images were simulated by DFT-GGA calculations of the local electron density of a six atom-layer slab of a Ni 2 P ) 0 1 10 ( -(1x1) surface separated by a 2.5 nm vacuum gap. Since the STM images were mainly taken at negative bias conditions, the electron density was calculated for a range of 1.2 eV below E F to E F with heights of about 0.25 nm from the surface according to the Tersoff and Hamann method [15] . The ab initio calculations were performed with Wien2K code [16, 17] and GGA of Perdew-Burke-Ernzerhof 96 was used. The bulk-optimized structure was used without surface relaxationin order to compare the electron densities of Ni and P . Figure 1 shows the bulk Ni 2 P single crystal atomic arrangement and surface structures. Ni 2 P has the bulk structure of hexagonal Fe 2 P (a = 0.59 nm, c =0.34 nm, =120; P -6 2 m) [18] . There are two types of phosphorus atoms occupying different positions denoted as P (1) We denoted the superstructure as a c ) 4 2 ( unit cell. ] (a 2 ) direction. The separation corresponded well to the a 2 lattice constant. Fig. 4(b) and Fig.4(c) show the magnified image of this thin line structure and its contrast-enhanced one, respectively. Careful examination revealed that it was composed of small dots, the separation of which corresponded to the |a 1 | distance of 0.34 nm as shown in Fig.4(c) . Thus the thin wire structure had a (1x1) structure. The position of the bright spots coincided with the locations of the P atoms on both the A and B planes of the [ 0 1 10 ] surface.
3.Results and Disccusion
LEED observations
STM images
The upper left side of Fig. 4(a) showed the other type of structure consisting of a thick line also running parallel to the [0001] (a 1 ) direction. The separation of the thick lines was twice as large as the |a 2 | distance of 0.592 nm. It was inferred that the ( 2 1 ) structure was aligned along the [0001] direction. However, a ( 2 1 ) LEED pattern was never observed at any position of the sample.
Close examination of the thick lines revealed zigzag structures as shown in Fig.4(d) . 
What is observed in STM?
The first question that needs to be addressed is the origin of the bright spots in the STM images.
Although this topic has already been discussed for the ) 1 1 ( and 3 3 surfaces of Ni 2 P(0001) in our previous papers, [4] [5] [6] 8] , it is important to consider the assignment for this work. In our previous papers the bright spots were identified to surface P atoms. The reasons were as follows, (1) Bright spots appeared at the P atom positions expected from an ideal surface termination for a (0001) surface.
(2) DFT calculations on (0001) surface predicted that only P atoms should be visible at positive bias. [19] Despite this evidence, the assignment of the bright spots to phosphorus atoms is not unequivocal.
The STM contrast reflects not only the geometrical height but also the electronic density-of-states.
Thus the position does not necessarily mean the position of atoms. In addition, atomic scale STM pictures on Ni 2 P ) 0 1 10 ( were obtained using negative biases while the DFT calculations of the Ni 2 P(0001) surface predict both Ni and P atoms should be visible in the negative biases. [19] Preliminary DFT calculations were carried out on the unreconstructed surface surface. We found that the P site has a higher density-ofstates and the P atoms appeared brighter than the Ni atoms even at negative bias on the Ni 2 P ) 0 1 10 ( . This calculation result agrees with the assignment that the P was observed in STM measurement at negative bias.
Although more elaborate DFT calculations including surface relaxation and possible reconstruction must be performed to interpret the STM images, the further analysis of the images presumes that P atoms were visible in the pattern was simply related to the structure where a P dimer was alternatively removed from the surface as shown in Fig. 6(a,b) . We called the structure as the missing-dimer model (MDM). However, there are several problems with the MDM. According to this model the surface density of P atoms should be lower by a half than that of the ) 1 1 ( surface as shown in Fig.4(c) . This means that the P atom separation should be larger than that in the ) 1 1 ( structure so that each P atom in the c(2 × 4) structure should be individually visible.
However, single P atoms could not be observed. Instead, thick lines or large strands with zigzag patterns were present. Thus, it is concluded that the phosphorus should be more densely packed on the real-space c was as large as 0.10 nm. In addition to that the P-dimer defect site corresponded to a bright feature according to the MDM. For these reasons the MDM was discarded.
Another possible structure that gives a c(2 x 4) structure is a missing-row model (MRM), depicted in Fig. 6 , in addition to the removal of a P dimer in the same manner as in the MDM, produces a c(2 × 4) structure and the zigzag arrangement. The removal of P atoms can be rationalized by the need to conserve a Ni to P atomic ratio of 2:1. The removal of every other two Ni rows corresponds to 1 Ni atom missing from the unit cell, while the removal of the P dimer correspond to 0.5 P atom missing from the unit cell. This MRM could explain the large vertical modulation of the c(2 × 4) surface. This MRM might be stable because it maintains the 2:1 stoichiometry. However, a problem is that the MRM cannot explain the presence of the bright strand which requires higher P atom density than that on the ) 1 1 ( surface. Another model structure must be considered.
The driving force to create the ( 2 1 ) reconstruction in Pt (110) -hybridized orbital is oriented upwards which is fully filled. Consequently no more dangling bonds are left on the P-terminated surface. This reconstruction scheme is similar to that found in the GaAs(001) surface where As with filled dangling bonds tends to cover the surface. [12, 13] If this assumption is correct, A P atom row should be possible to put on the thick bright lines where the Ni atoms are exposed as shown in Fig. 7 (a) in order to terminate the surface completely with saturated P atoms as shown in Fig. 7(b) . This model is called as the Ni missing-row and P added-row model (MRARM). The added P row and the original surface P atoms shown in arrows are visible and compose the opposite zigzag structure denoted as a white line as shown in Fig.7(c) . This model has the following desirable features.
1. The height modulation is large.
2. All the Ni atoms are covered by P atoms. The Ni site under the missing P atoms is still bonded to the second nearest P atom with a P-Ni bond distance of 0.246 nm.
3. The surface density of P atoms becomes larger in the bright thick lines as observed in the STM image.
From this study we present a possible general principle for the surface reconstruction of Ni 2 P.
Nickel phosphide surfaces are stabilized by P-termination which eliminates the dangling bonds on the nickel atoms. In metal-rich TM compounds, the transition metal-main group element bond becomes more covalent as the metal content increases [20] . Thus, the bonding between the metaland main group element is more covalent and may follow the reconstruction trends observed in compound semiconductors in which bond rearrangements occur to reduce the number of dangling bonds.
The results of this study provides some understanding for catalysis on nickel phosphide.
Although Liu et al. has found that P in phorsphide plays a role to activate the catalysis through both ligand and ensemble effects, [21, 22] it is expected that phosphorus termination will eliminate the coordinatively unsaturated sites on the metal atoms, which are the positions for chemical bond formation with reactants. Meanwhile, the phosphorus layer will also provide protection for the bulk material in the commonly employed procedure of passivation, where the freshly synthesized material is exposed to a dilute stream of oxygen to allow handling at ambient conditions [23] . Thus, in the 
